High thermostability of an enzyme is critical for its industrial application. While many engineering approaches such as mutagenesis have enhanced enzyme thermostability, they often suffer from reduced enzymatic activity. A thermally stabilized enzyme with unchanged amino acids is preferable for subsequent functional evolution necessary to address other important industrial needs. In the research presented here, we applied insertional fusion to a thermophilic maltodextrin-binding protein from Pyrococcus furiosus (PfMBP) in order to improve the thermal stability of Bacillus circulans xylanase (BCX). Specifically, we used an engineered transposon to construct a combinatorial library of randomly inserted BCX into PfMBP. The library was then subjected to functional screening to identify successful PfMBP-BCX insertion complexes, PfMBP-BCX161 and PfMBP-BCX165, displaying substantially improved kinetic stability at elevated temperatures compared to unfused BCX and other controls. Results from subsequent characterizations were consistent with the view that lowered aggregation of BCX and reduced conformational flexibility at the termini was responsible for increased thermal stability. Our stabilizing approach neither sacrificed xylanase activity nor required changes in the BCX amino acid sequence. Overall, the current study demonstrated the benefit of combinatorial insertional fusion to PfMBP as a systematic tool for the creation of enzymatically active and thermostable BCX variants.
Introduction
Enzyme thermostability is of continuous interest and an intense field of study in protein engineering (Mozhaev, 1993; Colacino and Crichton, 1997; Kumar et al., 2000; Turner et al., 2007) . Enzyme application at elevated temperatures is frequently desirable because of the associated benefits, such as increased reaction rates, high solubility of some substrates, equilibrium shift toward product formation for endothermic reaction, enhanced mass transfer, reduced viscosity of reaction media and minimal microbial contamination. Enhanced enzyme stability also facilitates functional evolution, which would otherwise be unavailable if the enzyme was insufficiently stable (Bloom et al., 2006; Romero and Arnold, 2009) . Protein stability can be categorized into thermodynamic and kinetic stability: thermodynamic stability is related to the energetic difference between folded and unfolded states, whereas kinetic stability is determined by an energetic barrier separating native forms from irreversibly inactivated forms (Sanchez-Ruiz, 2010) .
Endo-β-1,4-xylanase (referred to as xylanase in this paper) is glycosyl hydrolase (GH) that catalyzes the hydrolysis of hemicellulose, xylan, which is nature's second most abundant polysaccharide (Collins et al., 2005) . Xylanases are further classified under different families depending on the structure of the catalytic domains and the sequence similarity. Xylanase, especially from GH-11 family, has numerous industrial applications, mainly in deconstructing lignocellulose for bio-fuel production and pulp pre-bleaching process in the paper industries (Clarke et al., 1997; Collins et al., 2005; Huang et al., 2011; Zhang et al., 2011) . During bleaching, selective hydrolysis of hemicelluloses in the pulp by xylanase reduces the amount of chlorine required and consequently minimizes the toxic, chloro-organic waste (Bajpai, 2012; Maalej-Achouri et al., 2012) . Because high temperatures are preferred for pulp treatment and lignocellulose degradation, improved thermostability of xylanase should greatly enhance its industrial applicability and economic feasibility, and offer environmental advantages (Ibbett et al., 2011; Kumar et al., 2016) .
Efforts have been made to engineer thermostable xylanase through rational and combinatorial approaches. For example, thermostability of a mesophilic xylanase, SoxB, was improved by incorporating residues originated from a thermophilic xylanase, TfxA (Zhang et al., 2010) . Backbone cyclization increased the thermostability of Bacillus subtilis xylanase by decreasing conformational entropy and suppressing aggregation of the unfolded state (Waldhauer et al., 2015) . Joo et al., (2010 Joo et al., ( , 2011 created thermostable Bacillus circulans xylanase (BCX) variants by computationally re-designing flexible surface cavity residues. BCX thermostability was also enhanced through rational incorporation of intra-and inter-molecular disulfide bonds (Wakarchuk et al., 1994b) . Stabilization achieved in this manner was presumably due to changes in a rate-limiting step along the irreversible inactivation pathway and reduced entropy in the unfolded state of BCX . Directed evolution in combination with random mutagenesis or DNA shuffling has proven effective in thermostabilization of EvXyn 11, XynA and other GH-11 xylanases (Miyazaki et al., 2006; Dumon et al., 2008; Ruller et al., 2008; Alponti et al., 2016) . While such conventional protein engineering approaches have garnered some success, they also often suffer from shortcomings, such as compromised enzymatic activity caused by disulfide-bond engineering and backbone cyclization (Wakarchuk et al., 1994b; Davoodi et al., 2007) . Moreover, most conventional stabilization methods require mutations that restrict sequence space availability for additional BCX evolution (e.g. shift in optimum pH), because these mutated residues must be kept intact to maintain improved stability. Thus, a molecular toolset for stabilizing an enzyme without sacrificing enzyme activity, while preserving its amino acid sequence is highly desirable.
Thermostabilization approaches requiring minimal or no polypeptide sequence changes include addition of ionic liquid, crowding agents and other cosolutes (Zhai and Winter, 2013; Miyawaki et al., 2014; Sivapragasam et al., 2016) , Polyethylene glycol/albumin conjugation (Lawrence et al., 2014; Ritter et al., 2016) , enzyme crosslinking (Xiang et al., 2014) , glycosylation (Fonseca-Maldonado et al., 2013) , medium (buffer) engineering (Gupta et al., 2015) and pressure assisted stabilization (Kirsch et al., 2013) , to name a few. Recently, insertional fusion has been explored as an effective means for protein stabilization (Cunha et al., 2013; Furtado et al., 2013; Ozyurt et al., 2014; Schoene et al., 2014) . Specifically, our group has attempted to establish a potentially general molecular 'plug-andplay' platform for stabilizing various proteins by insertional fusion to a chaperoning thermophilic maltodextrin-binding protein from Pyrococcus furiosus (PfMBP) (Kim et al., 2009; Pierre et al., 2011 Pierre et al., , 2015 . A salient feature of this method is that no mutation is necessary in the target protein (i.e. guest protein) except for insertional fusion to PfMBP. From previous studies, our group showed that insertional fusion to PfMBP enhanced the thermodynamic and kinetic stability of various unrelated enzymes without compromise in enzymatic activity (Kim et al., 2009; Pierre et al., 2011 Pierre et al., , 2015 . Stabilization of a guest protein domain by means of insertional fusion requires high stability of the host protein (Pierre et al., 2011) . The study, which explored six different insertion sites, further concluded that the degree of stabilization depends on the choice of insertion site (Pierre et al., 2011) The insertion site may also directly influence the conformational stability of a guest protein and its interactions at the termini with fused PfMBP (Pierre et al., 2015) .
In the present study, we aimed to increase thermostability of BCX (Fig. 1A) by insertional fusion to PfMBP (Fig. 1B) . For systematic exploration of possible PfMBP insertion sites, we employed an engineered transposon previously developed for constructing a combinatorial library where a guest protein domain can be randomly inserted into a host protein domain (Shah et al., 2013) . BCX is well suited for stabilization by PfMBP insertion because: (i) BCX is a single-domain protein with no cysteine residue (Wakarchuk et al., 1994a; Davoodi et al., 1998; Fig. 1A) and the absence of a disulfidebond would make a fusion complex structurally simple; (ii) BCX is highly expressible in Eschericihia coli (Sung et al., 1993) and can be easily purified using a His tag (Joo et al., 2010) ; (iii) the close proximity of the N-and C-termini of BCX (<5 Å) (Reitinger et al., 2010; Fig. 1A) increases the chance of functional insertion into PfMBP. This was previously shown in the construction of bifunctional and/ or allosteric enzymes by insertion of other GH-11 xylanases into different host protein domains (Ay et al., 1998; Ribeiro et al., 2011 Ribeiro et al., , 2016 and (iv) the location of the N-and C-termini of BCX is distant from the enzyme's key catalytic residues (Wakarchuk et al., 1994a) , which substantially reduces potential structural compromise of the catalytic cleft upon domain insertion at the termini. The constructed library was screened using a simple agar-plate assay based on residual xylanase activity after heat treatment, followed by detailed characterizations of selected PfMBP-BCX fusions. The results demonstrated that insertion into PfMBP enhanced reversibility of thermal unfolding of BCX and substantially improved its kinetic stability at high temperatures. A stabilization mechanism was proposed in the context of the kinetic model previously developed for BCX thermal inactivation.
Materials and methods

Reagents
MuA transposase was purchased from Dharmacon products (Lafayette, Co, USA). High fidelity platinum Pfx DNA polymerase, Electromax DH5α-E and BL21(DE3) E. coli cells and bioassay Library construction for random insertional fusion of BCX into PfMBP PCR was used for replicating DNA sequences coding for the entire maltodextrin-binding protein from PfMBP with appendages of NdeI and SpeI restriction sites at the 5′ and 3′ ends, respectively, from plasmid pDIMC8-PfMBP (Pierre et al., 2011) . A Six His tag was genetically attached followed by two stop codons at the C-terminus of PfMBP to facilitate His tag purification. Also, PCR was carried out to linearize a cloning vector, pDIMN2 (Paschon et al., 2005) , with the same appendages of NdeI and SpeI restriction sites at the 5′ and 3′ ends, respectively. The PCR products were separated by agarose gel electrophoresis and purified using the Zymo gel extraction kit. The purified DNA was then double-digested with restriction enzymes NdeI and SpeI at 37°C overnight. The digested DNA band was separated by gel electrophoresis and purified using the Zymo gel extraction kit. Subsequently, the purified pfmbp was sticky-end ligated to pDIMN2 by T4 DNA ligase. The ligation sample was transformed into Electromax DH5α-E E. coli competent cells by electroporation at 2000 V using a Bio-Rad Gene Pulser (Hercules, CA, USA). The electroporated cells in a SOC medium were incubated at 37°C for 1 h with constant shaking at 250 r.p.m. in a New Brunswick Scientific Innova TM4230 incubator (Edison, NJ, USA). The cells were subsequently plated on LB-agar plates supplemented with 100 μg/ml ampicillin (Amp) and incubated for 16-24 h at 37°C. Selected colonies were re-grown in 10 ml LB cultures overnight at 37°C, and afterward, the plasmids were extracted using the Zymo plasmid mini prep kits. Plasmids were then sequenced at Genewiz (South Plainfield, NJ, USA) and the cells containing the correct sequence of pDIMN2-PfMBP were stored in 25% glycerol at −75°C. A DNA sequence encoding the guest protein, BCX, with BclI and AgeI restriction sites at the 5′ and 3′ ends, respectively, was obtained by PCR from plasmid, pET23b-BCX, which was generously provided by Prof. Young Je Yoo from Seoul National University, South Korea.
An engineered Mu transposon referred to as the MuST transposon and MuA transposase were used for transposition (Shah et al., 2013) . The plasmid pDIMN2-PfMBP was used as a host gene. The transposition reaction was made with 20 ng of MuST transposon, 160 ng of the target DNA (pDIMN2-PfMBP,~4.2 kb) and 22 ng of the MuA transposase in 1 X reaction buffer (25 mM TrisHCl pH 8.0 at 20°C, 10 mM MgCl 2 , 0.05% Triton X-100 and 10% glycerol) in total volume of 20 µl. The reaction mixtures were then incubated for 1 h at 30°C. The transposition sample was subsequently transformed into Electromax DH5α-E E. coli competent cells by electroporation at 1700 V. The electroporated cells in a SOC medium were incubated at 37°C for 1 h with constant shaking at 250 r.p.m. The cells were subsequently plated on large LB-agar plates supplemented with 100 μg/ml Amp and 50 μg/ml chloramphenicol (Cm), and incubated for 16-24 h at 37°C. Note that the Cm R gene was included in the MuST transposon, but not the pDIMN2-PfMBP plasmid containing the Amp R gene. As such, only colonies harboring pDIMN2-PfMBP with the inserted MuST transposon were able to grow on Amp/Cm LB-agar plates (Shah et al., 2013) . Library colonies growing on Amp/Cm LB-agar plates were then collected by adding 4 × 15 ml of storage medium (36 ml of LB, 18 ml of 50% glycerol and 6 ml of 20% (w/v) glucose) to the top of each plate followed by the transfer of cells from medium into polypropylene centrifuge tubes. The cell suspensions were subsequently centrifuged at 5000 r.p.m. and 4°C for 10 min and supernatants were then decanted. The plasmids with the randomly inserted transposons were then extracted en masse using the Zymo plasmid midiprep kit. The target gene, pfmbp, with the randomly inserted MuST transposon was then excised by double digestion with NdeI and SpeI restriction endonucleases and purified using the Zymo gel extraction kit. Subsequently, the pfmbp with the randomly inserted MuST transposon (~2.3 kb) was ligated back to plasmid pDIMN2 (~3 kb), and then heat transformed into dam−/dcm− chemically competent cells to alleviate the methylation blockage for Bcll restriction enzyme digestion. The transformed cells were then recovered at 37°C and plated on large LB-agar plates containing 100 μg/ml Amp and 50 μg/ml Cm, followed by incubation at 37°C for 16-24 h. Colonies containing plasmids with the randomly inserted MuST transposon into PfMBP were collected as described above, and the plasmids were then extracted en masse using the Zymo plasmid midiprep kit. The randomly inserted MuST transposon was then removed from the pfmbp gene by double digestion using BclI and AgeI restriction enzymes. Finally, the linearized randomly cut pDIMN2-PfMBP plasmid was sticky-end ligated with the host gene, bcx. An additional 5′ adenine was placed at the upstream of bcx for in-frame connection between BCX and the desired inter-domain linker residues. The ligation mixture was subsequently transformed into Electromax DH5α-E E. coli competent cells by electroporation. The cells were recovered in an SOC medium at 37°C for 1 h with constant shaking, followed by plating on LB-agar plates supplemented with 100 μg/ml Amp and incubated for 16-24 h at 37°C. The library was stored in 25% glycerol SOC media at −75°C. We constructed a 'naïve' random library comprising 1.3 × 10 4 transformants containing bcx randomly inserted into pfmbp to cover all posible transpositions within pfmbp harbored in the pDIMN2 plasmid.
Library screening for active and thermostable PfMBP-BCX insertion complexes
Colonies harboring pfmbp with randomly inserted bcx were grown on an LB-agar plate with 100 µg/ml Amp. Expression of PfMBP-BCX insertion complexes from the pDIMN2 plasmid (Paschon et al., 2005) is controlled by a lac promoter, which is known as a leaky promoter. So, the transcription can take place and basal level expression occurs without an inducer during growth of library members on the LB-agar plate. Subsequently, grown colonies were transferred from the agar plate to Whatman filter paper no. 42. The master plate (original plate) was incubated further at 25°C for the visualization of colonies again. For the replica print (transferred colonies), all colonies on the filter paper were lysed for 30 min at room temperature with 10 mM EDTA and 10 mg/ml lysozyme in the final volume of 1.5 ml. The filter paper was then heat treated at 60°C for 5 min and subsequently cooled down to room temperature. Lastly, the filter paper was placed upside down facing lysed colonies on a petri dish containing a solidified solution of 0.4% 4-O-methyl-Dglucurono-D-xylan (substrate for BCX) and 1.5% bacto agar, pH 6.0. Cells expressing the wild-type BCX were prepared and treated in a similar manner as a control. Following overnight incubation at 37°C, PfMBP-BCX insertion complex displaying residual xylanase activity catalyzed the hydrolysis of xylan. This hydrolysis became visible after the petri dish was stained with 0.5% Congo Red solution for 15 min, followed by destaining with 1 M NaCl for 30 min (Reitinger et al., 2010) . The clear zone on the petri dish resulted from the xylan hydrolysis. To cover as many BCX insertion sites as possible within the 381 amino acid-long PfMBP, we screened~3000 colonies. The colonies expressing PfMBP-BCX variants with nonnegligible residual xylanase activity after the heat treatment were chosen from the master plate and grown in 10 ml cultured media tubes. Cells were stored in 25% glycerol at −75°C. The remaining cells were lysed and the plasmid extracted for DNA sequencing to identify a BCX insertion location within PfMBP. The extracted plasmids were also treated with NdeI and SpeI restriction enzymes to excise the pfmbp-bcx bands and then ligated into the pET23b vector for overexpression. Subsequently, the resulting ligation samples were electrically transformed into BL21(DE3) and the cells were stored in 25% glycerol at −75°C. Similar screening was also conducted based on xylanase activity at 37°C, but, first without any heat treatment. The selected colonies were then subjected to heat treatment.
Construction of PfMBP-BCX end-to-end fusion complex
The PfMBP-BCX end-to-end fusion complex referred to as PfMBP-BCX381 was constructed genetically using an overlap extension PCR. First, PCR was carried out on bcx (~600 bp) with a forward primer (5′-CCTTAACAACATGCAAGGCGATCAAGCCTCCACA GACTACTGGCA-3′) and a reverse primer (5′-ACTAGTTTATCA GTGATGGTGGTGATGATGCCACACTGTAACGTTGGAAG AACCAG-3′) to attach nucleotides encoding the part of PfMBP and the inter-domain linker, Asp-Gln, at the 5′ end of bcx (shown in bold and single-underlined letters, respectively). Due to the amino acid variation resulting from the codon 45T (see Supplementary  Fig. S1 ), only Asp-Gln was included between the C-terminus of PfMBP and the N-terminus of BCX within PfMBP-BCX381. Also, a six His tag with two stop codons and the SpeI restriction enzyme site were appended at the 3′ end of bcx (shown in italic and double-underlined letters, respectively). Another PCR was performed on pfmbp (~1200 bp) with a forward primer (5′-CATATG AAAATAAAAACAGGTGCACGCATCCTC-3′) and a reverse primer (5′-TTGATCGCCTTGCATGTTGTTAAGGATTTCTTGT-3′) to attach the NdeI restriction enzyme site (shown in double-underlined letters) with a built-in start codon at the 5′-end and inter-domain linker codon sequence (shown in single-underlined letters) at the 3′-end of pfmbp. The PCR products were separated and gel purified as described above. An overlap extension PCR was carried out between two purified PCR fragments at a 1:1 (pfmbp: bcx) molar ratio with a forward primer (5′-CATATGAAAATAAAAACAGG TGCACGCATCCTC-3′) and a reverse primer (5′-ACTAGTTTAT CAGTGATGGTGGTGATGATG-3′). The PCR product for the overlap extension, pfmbp-bcx381 (~1800 bp), was separated, purified and then double-digested with restriction enzymes NdeI and SpeI. The digested DNA, pfmbp-bcx381, was sticky-end ligated to the pET23b vector using T4 DNA ligase. The ligation was transformed into BL21(DE3) E. coli competent cells by heat shock at 42°C followed by incubation in a SOC medium at 37°C for 1 h with constant shaking at 250 r.p.m.. The transformed cells were subsequently plated on LB-agar plates supplemented with 100 μg/ml Amp and incubated for 16-24 h at 37°C. Selected colonies were re-grown in 10 ml LB cultures overnight at 37°C and plasmids then extracted for sequencing at Genewiz. The cells containing the correct sequence of pfmbp-bcx381 were stored in 25% glycerol at −75°C.
Protein overexpression and purification
One liter of LB media containing 100 µg/ml Amp was inoculated with 1% overnight culture and shaken at 250 r.p.m. and 37°C. Cells expressing an active PfMBP-BCX variant were grown at 37°C until the optical density at 600 nm was 0.6. Expression of the active PfMBP-BCX variant was then induced by adding 0.5 mM isopropyl-β-D-1-galactopyranoside. After induction, the cell culture was shaken at 250 r.p.m. for another 16-24 h at 25°C for the expression of PfMBP-BCX variant. Cells were then pelleted by centrifuging at 5000 r.p.m. and 4°C for 20 min using a Beckman Coulter Avanti JE centrifuge (Fullerton, CA, USA). The pelleted cells were subsequently stored at −75°C until ready for use. All protein controls; PfMBP-BCX381, unfused BCX and unfused PfMBP were also expressed in a similar fashion. For protein purification, the pelleted cells were suspended in 0.05 M Na 2 HPO 4 /NaH 2 PO 4 buffer containing 0.1 M NaCl, pH 7.2 and then lysed by French Press. After centrifugation of cell lysates at 20 000 r.p.m. and 4°C for 1 h, supernatants containing the soluble proteins were purified using Ni 2+ column at 4°C. Eluted proteins were dialyzed at 4°C against at least nine liters of the cell suspension buffer. Solution containing proteins were subject to the second dialysis against the same buffer containing 20% glycerol. Proteins were further purified by size exclusion chromatography (SEC) using a Sephacryl™ S-100 16/60 column (GE Healthcare), then aliquoted and stored at −20°C. The purities of the proteins were estimated by Coomassie Blue staining of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were greater than 90%. Protein concentrations were determined using molecular extinction coefficients at 280 nm as calculated according to Gill and von Hippel (Gill and von Hippel, 1989) after correction for light scattering effects (Wetlaufer et al., 1958) .
Enzyme activity assay
Enzymatic hydrolysis of a substrate, ONPX2, was measured at 40°C in 0.02 M MES buffer containing 0.05 M NaCl and 0.1% (w/v) bovine serum albumin, pH 6.0, as described previously (Lawson et al., 1997) . The glycerol percentage in the reaction mixture was set to 6%. Protein concentration of PfMBP-BCX complexes and BCX (with and without equimolar unfused PfMBP) was 3 µM. ONPX2 at 148 µM (« K m ) was then added to protein solutions at 40°C. The initial rate of ONPX2 hydrolysis was measured by monitoring changes in absorbance at 400 nm over time using a Varian Cary 50 UV-VIS spectrophotometer (Walnut Creek, CA, USA) fitted with a Quantum Northwest Peltier temperature control unit. Molecular extinction coefficient change of ONPX2 upon its complete hydrolysis (Δε) was reported to be 1.07 mM −1 cm −1 (Lawson et al., 1997) and this value was used for the current study. In order to monitor irreversible thermal inactivation of proteins over time, protein samples were incubated at designated temperatures and pH 6, followed by withdrawal of aliquots at different time points of incubation. Protein concentrations of PfMBP-BCX complexes and BCX (with and without equimolar unfused PfMBP) were 0.6 and 3 µM for two different sets of studies. The residual BCX activity was measured by assaying enzyme activity using 148 µM ONPX2 at 40°C after stopping the inactivation process by cooling as described previously (Zale and Klibanov, 1983; Palackal et al., 2004) .
CD spectroscopy
Secondary structures and melting temperature (T m ) of proteins were determined by circular dichroism (CD) using a Jasco J-815 circular spectrometer (Easton, MD, USA) in the far-UV range with a 0.1 cm path length cuvette. The ellipticity of samples was measured in the absence and presence of 2.5 M urea in 20 mM phosphate buffer, pH 6.0. For PfMBP-BCX161, PfMBP-BCX165, PfMBP-BCX381 and an equimolar mixture of unfused PfMBP and BCX domains, the CD studies were carried out at 6.5 µM protein concentration each to obtain a defined transition for BCX. For CD experiments with unfused BCX, protein concentration was set at 2 µM to ensure a clear CD transition and to prevent the irreversible protein aggregation in the presence of 2.5 M urea. The spectrum of the background (buffer only) was measured and then subtracted from the sample spectrum. For CD temperature scan, a scanning rate was 0.2°C/min and a response time was 16 s The CD signal representing BCX thermal unfolding was monitored at 222 nm wavelength. The reversibility of protein thermal unfolding was determined by taking a ratio of CD signals at 222 nm for two consecutive scans at 20°C; at initial 20°C where BCX was in the folded state and increasing the temperature until the BCX was completely unfolded, then returning to 20°C.
Analytical SEC
Analytical SEC was carried out using a Superdex 75 PC 3.2/30 (GE Healthcare) on a ÄKTA FPLC (GE Healthcare). The mobile phase contained 0.05 M Na 2 HPO 4 /NaH 2 PO 4 buffer, 0.1 M NaCl, 20% glycerol (pH 7.2) and the flow rate was 0.05 ml min −1
. Elution peaks were detected by UV absorbance at 280 nm. The column was calibrated by using the following proteins as molecular weight standards: carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa) and conalbumin (75 kDa; GE Healthcare).
Laser light scattering
Aggregation studies for all PfMBP-BCX protein complexes and unfused BCX with and without equimolar PfMBP domain were carried out at designated temperature for the elongated time period by laser light scattering (LLS) on the Zetasizer Nano-ZS-90 system (Malvern Instruments Ltd, Malvern, UK). Protein samples were placed in quartz cuvettes at concentrations of 0.6 and 3 µM for two sets of studies.
Results
Construction of a combinatorial library for insertion of BCX into PfMBP
Our previous studies demonstrated successful stabilization of exoinulinase (EI) and β-lactamase (BLA) by insertional fusion to PfMBP (Kim et al., 2009; Pierre et al., 2011) . We also showed that guest protein stability depended on the location of insertion sites within PfMBP, though only six insertion sites were explored. These sites were chosen based on previous insertional fusions to E. coli MBP (EcMBP) (Pierre et al., 2011) . In order to increase the chances of finding thermostable PfMBP-BCX insertion complexes, insertion sites along PfMBP should be systematically examined. To this end, we constructed a combinatorial library where a guest gene, bcx, was randomly inserted into a host gene, pfmbp, using an engineered MuST transposn (Shah et al., 2013) (Fig. 2) . Briefly, the MuST transposon was subjected to random transposition into the host plasmid pDIMN2-PfMBP using MuA transposase (i-ii); the plasmids with the MuST transposon randomly inserted into pfmbp were collected, followed by removal of the MuST transposon by double digestion using BclI and AgeI restriction enzymes (iii); the doubledigested pDIMN2-PfMBP was subsequently sticky-end ligated with a guest DNA fragment containing bcx (iv). An additional 5′ adenine was placed at the upstream of bcx for in-frame connection between BCX and the desired inter-domain linker residues. The sequence schematic of representative gene fusion leading to functional BCX insertion into PfMBP is shown in Supplementary Fig. S1 . Our DNA sequencing result confirmed random insertion of bcx into pfmbp with precise 5 bp duplication (Supplementary Figs S1 and S2), which was due to the inherent nature of the transposon as reported previously (Shah et al., 2013) . Sequencing of the 'naïve' library also revealed that the chance of in-frame fusion was one-fifth, in good agreement with the theoretical frequency (one-sixth) as reported previously (Shah et al., 2013) .
Library screening
For identification of thermostable and active PfMBP-BCX variants, we developed a screening method based on assessing residual xylanase activity (i.e. the endo-cleavage of β-1,4-linked xylose monomers) after heat treatment of PfMBP-BCX library members. Supplementary Fig S3 shows the schematic for the LB-agar platebased screening method. About 3000 library members were screened, of which~0.4% displayed significant residual xylanase activity after heat treatment. The sequencing of selected transformants led to the identification of three unique PfMBP-BCX insertion complexes; PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX225 (Fig. 3) . Of the three variants, PfMBP-BCX161 and PfMBP-BCX165 have the BCX insertion close to the ends of the same α-helix from PfMBP (Fig. 1B) . In contrast, BCX was inserted into the middle of a β-beta strand of PfMBP within PfMBP-BCX225 (Fig. 1B) . In separate experiments, we screened a small fraction of the library based on xylanase activity first without heat treatment, followed by additional heat treatment on those selected. From the screening, we found that~70% of enzymatically active library members that were selected from the first screening retained nonnegligible residual activity after heat treatment. As a control, we also constructed a PfMBP-BCX end-to-end fusion complex where the C-terminus of PfMBP was connected to the N-terminus of BCX via an Asp-Gln linker (referred to as PfMBP-BCX381).
Xylanase activity of PfMBP-BCX insertion complexes
BCX is known to follow the Michaelis-Menten kinetics (Wakarchuk et al., 1994b; Lawson et al., 1997; Reitinger et al., 2010) . In order to examine effects of fusion on catalytic efficiency of BCX, k cat /K m values were determined for PfMBP-BCX161, PfMBP-BCX165, PfMBP-BCX225 and PfMBP-BCX381 (Table I) . Results shown in Table I indicate that insertion of BCX into PfMBP caused no notable enzymatic activity loss in PfMBP-BCX161 and PfMBP-BCX165 as compared to unfused BCX. However, the catalytic efficiency of PfMBP-BCX225 was substantially compromised relative to unfused BCX. This might be due to the potential steric hindrance between the fused PfMBP and BCX domains within PfMBP-BCX225 as a result of insertion into the middle of the PfMBP β-strand (Fig. 1B) . It is worth noting that the objective of this study was to increase thermal stability of BCX without significantly compromising its enzymatic activity. As such, PfMBP-BCX225 was not a major interest in this study. Subsequent preliminary examinations revealed that kinetic stability at elevated temperatures of PfMBP-BCX225 was inferior to that of PfMBP-BCX161 and PfMBP-BCX165. For these reasons, detailed characterization of PfMBP-BCX225 was not pursued. We also confirmed that there was no significant change in BCX activity when an equimolar ratio of unfused PfMBP was added or the PfMBP and BCX domains were end-to-end fused (Table I) . Unfused BCX, PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX381 were found to be monomeric at room temperature when analyzed by SEC (Supplementary Fig. S4 ).
Thermal unfolding of BCX inserted into PfMBP
When examined by CD spectroscopy, BCX thermal unfolding was mostly irreversible (Fig. 4A) due to aggregation to insoluble precipitates (data not shown). BCX thermal unfolding remained irreversible when the unfused PfMBP domain was added at an equimolar ratio (Fig. 4B) . In contrast, thermal unfolding of PfMBP-BCX161, PfMBP-BCX165, PfMBP-BCX225 and PfMBP381 appeared fully reversible under the same condition ( A previous study demonstrated that the addition of 2.5 M urea rendered BCX thermal unfolding operationally reversible by suppressing irreversible aggregation of BCX without any significant impact on its secondary structure and enzymatic activity (Davoodi et al., 1998 . In this study, we confirmed the lack of structural and functional impact of 2.5 M urea on BCX, PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX381 (data not shown), Thus, the addition of 2.5 M urea allowed us to compare the thermodynamic stability of proteins using CD. All proteins tested followed a simple two state thermal transition in the presence of 2.5 M urea from which T m values were determined (Table II ). The T m of PfMBP-BCX variants represents thermal unfolding of the inserted BCX domain rather than the fused PfMBP domain (Supplementary Fig.  S6 ). As shown in Table II , T m values for PfMBP-BCX161 and PfMBP-BCX165 were similar to BCX, indicating no significant thermodynamic stabilization of BCX achieved by insertion into PfMBP. T m for PfMBP-BCX381 was slighly lower than unfused BCX.
Kinetic stability of BCX inserted into PfMBP
Kinetic stability of BCX whether fused or unfused was determined by measuring residual xylanase activity during prolonged incubation of up to 40 min at a designated temperature in the absence of urea. The experiments were carried out at two protein concentrations, 0.6 and 3 μM, to examine concentration dependency of BCX thermal inactivation. Protein concentrations below 0.6 μM and above 3 μM were not employed due to a relatively low signal to background ratio in enzyme assays and requirement of a large amount of proteins, respectively. Kinetic stability of proteins was determined and compared at two representative temperatures, 53°C and 58°C. These temperatures corresponded to half-way and near completion of BCX thermal unfolding, respectively, in the absence of urea when determined by CD (data not shown). As shown in Fig. 5A-D and Supplementary Table SI, both PfMBP-BCX161 and PfMBP-BCX165 Fig. 3 Schematic of PfMBP-BCX insertion complexes. The numbers indicate the amino acid numbers of given protein domains. The first five residues of PfMBP numbered according to Evdokimov et al., 2001 originate from EcMBP, not P. furiosus MBP, and therefore were not included. The N-and C-termini of BCX was fused to non-terminal ends of PfMBP with linkers XDQ (X-Asp-Gln) and TGS (Thr-Gly-Ser), respectively. The X represents Tyr, Ala and Ile in PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX225, respectively. displayed significantly enhanced kinetic stability when compared to unfused BCX and its equimolar mixture with unfused PfMBP under all conditions tested. At 53°C, BCX inactivated faster at a higher concentration whether fused or not. At 58°C, a similar concentration dependence of thermal inactivation was observed with PfMBP-BCX161 and PfMBP-BCX-165 while thermal inactivation of other proteins occurred too rapidly to discern any concentration dependency. Kinetic stability of PfMBP-BCX381 appeared slighly higher than unfused BCX, but much lower than PfMBP-BCX161 and PfMBP-BCX165. Protein aggregation during the irreversible thermal inactivation was also examined by LLS. The scattered light intensity of unfused BCX increased rapidly and then decreased upon protein precipitation, signifying substantial protein aggregation during the incubation (Fig. 6A-D) . The scattered light intensity of PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX381 remained relatively unchanged over time. No protein precipitation occurred with PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX381 (data not shown).
Discussion
In the present study, we pursued a combinatorial approach to develop enzymatically active and thermostable PfMBP-BCX variants through extensive exploration of BCX insertion sites within PfMBP. The library was constructed using an engineered MuST transposon, then subjected to functional screening based on residual xylanase activity after heat treatment. PfMBP-BCX161 and PfMBP-BCX165 were identified from the screening and found to show a substantial increase in foldability and kinetic stability of the BCX domain.
In the absence of urea, thermal unfolding of unfused BCX was irreversible due to aggregation to insoluble precipitates (Fig. 4A) . In constrast, thermal unfolding of PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX381 was reversible under the same condition ( Fig. 4C and D and Supplementary Fig. S5 ). The enhanced BCX foldability within the three PfMBP-BCX variants directly indicates that the presence of fused PfMBP is more important in suppressing aggregation and promoting reversible BCX thermal unfolding than the mode of fusion. Previous studies on end-to-end fusion of other proteins to PfMBP are also supportive of this view (Fox et al., 2003; Huang et al., 2006) . A highly negative charge (net −23 at pH 7) of PfMBP could contribute, at least in part, to the stabilizing effects; the covalent fusion to PfMBP may suppress self-association of an otherwise highly aggregation-prone fusion partner through electrostatic repulsion. Moreover, high structural stability of PfMBP may increase its tolerance to possible structural penalties incurred as a result of domain fusion (Pierre et al., 2011) .
The thermal inactivation rate of unfused BCX was dependent on its concentration (Fig. 5A and B) and mirrored by its aggregation kinetics (compare Figs 5 and 6 ), implying the major role of thermal aggregation in the loss of xylanase activity during prolonged incubation. As desired, PfMBP-BCX161 and PfMBP-BCX165 showed lower aggregation and higher kinetic stability than the unfused BCX (Figs 5 and 6 ). However, a similar extent of kinetic stabilization was not observed with end-to-end fusion of PfMBP and BCX domains c The end-to-end fusion complex of PfMBP and BCX domains.
Errors are standard deviations determined from at least two independent samples.
( Fig. 5) , despite the suppressed aggregation (Fig. 6 ). This finding is consistent with the lack of kinetic stabilization of EI and BLA domains by end-to-end fusion to PfMBP, as reported previously (Kim et al., 2009; Pierre et al., 2011) . The implication is that the special nature, as described in detail below, of insertional fusion was responsible for the observed kinetic stabilization with PfMBP-BCX161 and PfMBP-BCX165. In many enzymes, irreversible thermal inactivation is initiated by local unfolding of flexible termini (Notomista et al., 2001; Krishna and Englander, 2005) . Similarly, the N-and C-terminal regions were found to be critical in determining the thermostability of other GH-11 xylanases (Sun et al., 2005; Wang and Xia, 2008) . In insertional fusion, the otherwise flexible termini of BCX are connected to the internal segments of PfMBP through two 'tethers'. Thus, the observed kinetic stabilization realized from PfMBP-BCX161 and PfMBP-BCX165 might be in part due to the multiple tethering, which can reduce conformational flexbility of BCX termini and thus inhibit local terminal unfolding that leads to irreversible inactivation. The conformational and inhibitory effects would be stronger with multiple tethering than single tethering (used for end-to-end fusion), as the former may impose greater structural limitations. In previous efforts to create bifunctional and allosteric enzymes, some insertions into thermostable host protein domains enhanced GH-11 xylanase thermostability (Ay et al., 1998; Ribeiro et al., 2011 Ribeiro et al., , 2016 , which is further supportive of the importance of multiple tethering. BCX insertion sites used for PfMBP-BCX161 and PfMBP-BCX165 correspond to PfMBP residues 161-162 and 165-166, which are surrounded by a relatively large number of proximal PfMBP residues (Supplementary Table SII ). Insertion of BCX into such a location tightly associated with other proximal PfMBP residues could lower BCX terminal flexibility even further, relative to insertion into a flexible and loosely associated PfMBP region (e.g. loop). It should be noted that BCX insertion into a location between PfMBP residues 225-226, which are surrounded by even more proximal PfMBP residues (Supplementary Table SII), resulted in no notable thermal stabilization. The stability difference among PfMBP-BCX161, PfMBP-BCX165 and PfMBP-BCX225 may, therefore, be explained by other insertion-site dependent factors. First, BCX insertion to the middle of a β-strand (rather than near the end of an α-helix) may risk compromised structural integrity of PfMBP, resulting in limited stabilization effect as shown with PfMBP-BCX225 compared to PfMBP-BCX161 and PfMBP-BCX165 (Fig. 1B) . Second, insertion sites determine the orientation of BCX with respect to PfMBP and dictate the PfMBP residues placed near BCX termini. Thus, local molecular interactions around BCX termini and other structural determinants of BCX thermostability associated with the terminal region (Sun et al., 2005; Wang and Xia, 2008) may differ depending on the insertion sites. Insertion sites used for PfMBP-BCX161 and PfMBP-BCX165 are near each other and thus likely to be associated with similar local interactions that potentially inhibit irreversible structural perturbation at the BCX termini.
While our previous study showed that a guest protein domain can also be thermodynamically stabilized by insertional fusion to PfMBP (Pierre et al., 2015) , no notable increase in BCX thermodynamic stability was detected with PfMBP-BCX161 and PfMBP-BCX165 in the current study. The discrepancy may be rooted in the nature of the thermodynamic stabilization achieved by insertional fusion. Among other molecular factors, an electrostatic interdomain interaction with PfMBP was found to play a primary role in enhancing thermodynamic stability of a guest protein domain in insertional fusion (Pierre et al., 2015) . In this regard, a chance of strong electrostatic interaction with PfMBP is low for only marginally positively charged BCX (i.e. net +4 at pH 7). Our results can also be interpreted in the context of Lumry-Eyring model that has been used for explaining thermal inactivation of many proteins including BCX (Lumry and Eyring, 1954; Davoodi et al., 1998; Peterson et al., 2004) . According to this model, reversible unfolding can be followed by irreversible inactivation: N ↔ U → I where N, U and I represent native, unfolded and irreversibly inactivated states, respectively. Collectively, our results are consistent with a view that insertion into PfMBP can elevate an energetic barrier for U → I of BCX presumably by suppressing aggregation and restriting local terminal unfolding, without affecting the energetic difference between the N and U states of BCX.
Previous insertions into PfMBP at selected sites resulted in reduced aggregation and enhanced kinetic stability of other guest protein domains (i.e. EI and BLA), similarly observed with BCX in the current study (Kim et al., 2009; Pierre et al., 2011) . The implication is that insertion into PfMBP holds high promise as a molecular platform that can stabilize various enzymes. In previous studies with EI and BLA, insertion sites were semi-rationally chosen: they were either surfaceexposed loops or determined based on other insertion studies using a mesophilic PfMBP homolog as a host protein (Kim et al. 2009; Pierre et al. 2011) . The insertion sites found to be effective for kinetic stabilization of fused EI and BLA include PfMBP residues 125-126, 138-139, 177-178 and 206-207 (Kim et al. 2009; Pierre et al. 2011 ). In the current combinatorial study, no PfMBP-BCX variants created by insertion at these locations were identified. Unfortunately, direct comparison between insertion sites identified in the current (i.e. combinatorial) and previous (i.e. semi-rational) studies would be complicated. The screening employed in the current study was based on residual xylanase activity collected overnight at 37°C after heat treatment at 60°C for 5 min. In this screening, multiple factors, such as foldability (or reversibility), kinetic stability, xylanase activity and expression levels, could determine the fate of each library member. The contribution of multiple factors makes it difficult to pinpoint what distinguished selected from non-selected PfMBP-BCX variants. For example, PfMBP-BCX variants with high kinetic stability would not pass the screening if they exhibit insufficient xylanase activity and/ or expression levels. Non-negligible expression levels of PfMBP-BCX variants would be needed for their selection, while too high expression levels could increase PfMBP-BCX concentrations, promoting aggregation to enzymatically inactive states. It also remains unclear to what extent irreversible aggregation or inactivation would occur during the heat treatment used for screening (i.e. 5 min incubation at 60°C), particularly in the presence of other endogeneous proteins. Our finding that PfMBP-BCX225 was selected from the screening despite the compromised xylanase activity and kinetic stability suggested that other factors, such as high foldability (or reversibility) and/or optimum expression levels, might also be responsible for the screening results.
Compiling data from previous (Kim et al. 2009; Pierre et al. 2011) and current studies showed that insertion into PfMBP from the 33rd to 207th residues resulted in enzymatically active PfMBP-EI, PfMBP-BLA and PfMBP-BCX fusions (i.e. those with k cat / K m ≥ 50% for unfused enzymes) ( Supplementary Fig. S7A ). Most of the insertion sites are located in one PfMBP domain and are distant from the maltodextrin-binding cleft (Supplementary Fig. S7B ). No other notable spatial similarity (e.g. the numbers of proximal PfMBP residues surrounding the insertion sites) was observed between the insertion sites for BCX and the other enzymes (i.e. BLA and EI) ( Supplementary Fig. S7B and Table SII ). The guest proteindependent differences might be attributed, at least in part, to varying degrees of inter-domain interactions with PfMBP and/or size of guest protein domains. It should be noted that most of the enzymatically active protein insertion complexes displayed enhanced kinetic stabilization (i.e.~80% for PfMBP-BLA (Pierre et al. 2011 ) and 70% for PfMBP-BCX insertion complexes (current study)). The high chance that functional insertion imparted kinetic stabilization at various insertion sites might stem from the existence of multiple (i.e. enthalpic and entropic) mechanisms by which a guest protein can be stabilized upon insertion into PfMBP (Pierre et al. 2015) .
In summary, our current study demonstrates that (i) the stabilization effect of PfMBP insertion can be optimized through comprehensive searches of insertion sites depending on the guest protein domain and (ii) construction of a combinatorial library using the MuST transposon followed by functional screening may serve the purpose of optimization.
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Supplementary data are available at Protein Engineering, Design & Selection online.
